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L INTRODUCI’ION.

Ever since its original discovery(1), the magnetic field induced spin density wave
@SDW) ~sitim obsewed in superconducting TMTSF salts has continued to be of
considerable i.nmrcst. This phenomenon has been studied most widely in che ambient
PICSSm SUp’co@Wtor UMTSF+C104, when for modcmtc magnetic fields H > Hf a
castxk of uansiticms to serni.metallic SDW phases was obsemd(2). Until ve~
recently, it was generally axepted that the theoretical explanation for the FISDW lied in
the @ual one dirnensionalization of the Fermi surface in ti presence of the magnetic
field and the uxcmtpanying nesting instability (3-7). These theories do not account for
the mm recently discoverd very high field transition (VFHT) for H > }~. In conuast
tO the plicfions of the ●bove theaies the SDW transition temperature TsDw actually
demcases for H >171’ and then goes to zero u H = 2S-34YT(8,9). At present, there
exists Only one theuttical atmmpt to explain the VFHT(lC)). Within this modcl( 10) che
material is at tk cm dimensional limit fm very high fields, and the competition
bet’wocn the qudly suong WieSls and Cooper channels in this limit destroys rhe
FISDW. ~sys~is dtcnanmdi.nary metal fcwH >&

We * thaf tk very high field phase is not an ordinmy meral, It is character-
ized by a M@ swisdvity, (weakly) activated conducavi~ and vanisting Hall signal(9).
All of thm SU~st thatthe system is a semimetal, and maps even a narrow gap scm-
iconductcx. IrI Mdon the sy~m is diamagnedc in his region, which also suggests that
its nature is different fkom simple metallic.

[n the present paper we present preliminary work on a slightly different theoretical
model. We IMeve thatthe model presented here destibes charge transfkr solids in gen-
d, - FISDW Mhavior in pticular, better. In contrast to much of the existing
hUCd work (see, however, reference 5), we emphasize the direct Coulomb incerac-
hon between the carrier holes, More importantly, We consider a spatial broken symmew



neglected in theories of FISDW so far, -- t!,e bond order wave (POW), -- which com-
petes Wh rhe SDW as the one dimensional limit is approached (11). Finally, tie actual
band filling, or more precisely, the number of holes p per molecular site, plays an
impottant rdc in our model. This is a consequence of explicit inclusion of both on site
and intmitc Coulomb interactjons( 12, 13), The very important role of p is missed in
noni~’”acting models. While we agrct with Yakovenko( 10) that the very high field

phUC is near the one dimensional lD) limi[, we believe that the relevant compriuon is
between the BOW and thc SDW, and not bctw~n su-pmconductivity and SDW.

The motivation fc: the present work, however, goes beyond explaining FISDW.
We intend to show that the same th~cic~ description applies to the normal states of

all organic superconductors as well as related materials with molecular cations that am
similar to TMTSF structurally. Specifically, wc have chosen CIM7TF)2X and
(BEDT-TTF)2X, since we Meve that similarities at the molecular and suuctural levels
of ties materials warrant the same basic theoretical model, al~it with different magni-
tudes of the various paramctcrs. For example, it is our belief that the prcssu.rc induced
spin-Peicrls(or BOW in our norncnclau) to SDW mnsition( 14,1 S), Lhal has been

oh-d in ClMITF)#F6, is a manifestation of the same basic dimensionaliry cross-
over within the same model Harniltonian.

U. THEORETICAL MODEL.

The model that wc consider is tic single band quasi-2D extended Hubbard model,

where CA creates a hole with spin u at the molecular site i, nb = c&cld is a number
opmtor, n, = ~m, IJ is tic on sise Coulomb repulsion between rwo holes occupying

the same mole%ar sire. Vm and VY n ~C in~hain and intcrchain intersitc nearest
neighbor repulsions, and ~ and L, are in~ha.in end intcrchain hopping integrals,

respectively. We do not consider a ‘mdisric lattice at this preliminary stage, but assume
a rectangular lattice with variable anisotropy (0 c t+% < 1, 0< V+VX < 1). The stack
iwis is chosen to & the x-direction, The implicit parameter p is very irnprtant in our
tkx’y, pticularly u modcmu m Iqe c+. We consider p = 1/2 only, al[hcmgh
TMTSF salts mq k c. Jactcrizad by weak incommensurability 16) atising du~ to band
structure effects w incomplete charge tramfer.

WChave invcstigad numerically the ph~ ~a~ of thc shove theoretical model

as a functkm of t+q and V+VX, Bcfm p~wncing our numerical results we discuss
hem the qudihtive reasonings for ou ~lief ma[ @,(1) can reproduce the expnmenta.1
bchwicm.

h the limit of $ a O and V, = 0, Eq,( 1) has been widely studied as a model for

P = 1 Mo~ insu~tors(l 1) M well ‘as for conductors with arbimry p(12, 13). Because of
h continuous nature of broken symmeuy in the SDW, the SDW never occurs as a dis-
HnCt phase. Rasher, the dominant broken symmetry here is an unconditional! 2kF
BOW(11,17) (which, ti~nting upn ~C p~eters, may also be accompanied by a
4k~ instability), For V, = VY= O and $ = O, it has been shown smedytically that the
charge- spin decoupling that occMs in the 1~-gc U Hubbard model leads to the magneuc

pm of ~ [0 & descnbcd by an isotropic Heisenbcrg spin Harniltonian ( 18). Similar



m: I!ts am expected to persist even for VK> 0, a!thougn [he expression for tie Heisen-
berg exchange i.ntegnd is expected to be quite different. It is known unambiguously chat
such a system exhibits a spin-Pcierls (BOW) transition, and the SDW does no[ occur for
any U, VX. Experimental evidence for the spin-Pcierls transition in charge mnsfer salts
is common.

The above situation is expected to change as ~ is increased from um. Existing
non~ro $ results arc only for the p = 1 limit, where the consensus is that the BOW is
destroyed in the p~~ilcc of Coulomb intcraction(19,21 ). Although these results arc for
+ = $, we IAeve tha~ he disappearance of BOW (and apprance of SDW) can occur

at $J~ considerably less than 1. Funlwrmore, we Micvc that the spin-Peierls to SDW
transition should not be limited to p = 1 only hut also should be seen ti P = 0.5, when
the BOW vanishes for $> ~,. The special feature of p = 0,5 is that unlike p = 1, whcm

the SDW gets progressively srrongcr with tie increase of $, the SDW is weakened for
$ P8CC” h an upper critical value $1. The reason for this is shown in Fig. 1. Due to
the nonzero VX and VY, holes have a tendency to occupy alternate sites. For large
enough $, the intrachai.n and intcrchai.n antiferromagneac spin couplings can become
comparable, and the resulting spin frustration (see Fig. 1) will destroy the SDW.
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Fig, 1: Spin configurations for the l/4-filled band. Note that because
of the antifcmrnagnctic couplings between spins ~ong X J?
and lf+~ directions, spins at middle sites am frustrated.
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BEDT-TTF sa’ . in region 3. TMITF and TMTSF materials can t_L: ,:r be modihed by
pt’CSS~ (which increases two dimensions.liry) or magnetic field (which decreases IWO
dirnensionahy), and crossover from one region tO another has been obsenmi Note dtat
for spin ~smuion to OCCW it is essential that V, and Vy areexplicitly included in tie
H.arniltonian, and tie proper role of p = 0.5 is taken into account. The impcmance of
considering the role of V, and p has been emphasized before( 12,13).

IIL NUMERICAL RESULTS.

We present some of our numerical results in this section that give pmial suppon to
whm have ken said in the previous sections. We srudy the BOW and SDW phases
wirhin tie Hamiltonian (1). The “structure factors” corresponding to the BOW and the
SDW are defined as

what Bi = x( c&ia + H.c ) is the bond order paxamear, ~d
o

SDW@) = +&e am -7)
< (nit - %1) (njr - njl) > .

LJ

Both these quartaties were calculated explicitly in the 1D limit and then for varying
anisotropy. l.nrhelD l,i.rni~$=O and VY= O, the results were obtained by a worid line
quantum Monte Carlo simulaaon on lattice of size N = 12d atoms at temperature
T = 1/32 in units of tX= 1 (for a ~ of 0.2 eV this would & about 70K which is higher
h the tempmures of interest in FISDW but which is reasonably close to the spm-
Peierls temperatures in many organic systems). Only the reslths for VX= O are shown
here. For non~ro but mo&me VX(Vz lCSS than or equal to 21) the results are the same
qualitatively (17). In Fig. 2 we plot BOW~ as a function of the wave vector q for
Sevend vsks of U. h ti cases a peak at q = 2kF, where kF is the Fermi wave vector
within sirtgle-~cle m~l is cl~y visible. Although the Coulomb repulsion
suppresses h BOW hare (unlike at p = 1, where an enhancement is seen for moderate
U( 11)), a lo~ich,mic diver~w m a function of N always exists, whinh implies that
even fm weak ekctron-hb apling a 2kF Ww instability will occur, leading [o J
ccaamerizati,on in die present case.

Simihr ~tum ?vfonm&lo simulations for 2D lattices when p not equal to 1 are
fl~fic~t C-Y ~W ~ ~ we~ ~own “negativesip”problem.Thisproblem
becomes e= mae severe fw l-e Coulomb in~tion and low tem~rature In 2D
kf~ ~ hve done exact calculations for a 4 x 4 Ianice. Notice chat this already
gives hu~ Hamihonian matrices for Eq. (1). The exm ground state wave function was
calculated using a Lanczbs diagtiution p~~ure, AS we are resrncted to a single
httice finite size scting mdy~is is nm possible d ou conclusions arc drawn from
comparison with the rCSUIU for fhe U = Vx = VY = O caw, for which the results are
known analytically. Finally, the nurn~ of par~ewrs that appear in Eq.( 1) in 2D are
* Iugc, S0 we assume V+VE = y% in all our calculations, Since both the neares[
neighbor hopping and Coulomb inte@s are functions of intermolecuk distances, [his
is not an unreasonable as~ump~on. ~ any case, this msrnction is nor a Iimmmon imd
can be relaxed later.
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Fig. 2: Bond-Order-Wave Structure Factor for the ID Hubbard Model.
N = 128, T = tJ32, and U = O, 2, 4.

While the calctdadons w= done for several different parameter values we present
& results fcx U = 3, VX= 1 (in UNU of ~ = 1), which are mprcsentative. Instead of
showing the full set of results fm the complete (~, qY) subspace we present the results
fcr ~ = X ady. I%is is -* & c~lation functions along (~,x) are the ones that
~ Idcvant fa ksdbing the spin-Peierls and SDW msitions in two dimensions. In
Fig. 3 w Mve pl~ BOW(qx) M a function of tie anisotropy. It is clear that the
BOW is ~ively weakened M ~. angj VY ~ increased. This is what we expected,
b- m m -r p = 1 resu.@. What is mm inwmsting is tie behavior of the SDW,
as seen in the plm of SDW(q) for the same set ot parameters in Fig, 4. Unlike tie
BOW, the SDW is enhanced initially, since the peak at 2k~ = m/2 becomes more pro-
nounced as $ incrams from $ = (),2 to $ = 0,5, However, with further increase in $,
ti SDWarnphck decreuses, until at ~ = 1, where its behavior becomes indiwinguish-
ablc from single pa,rticlc ~havi~, in~cating a vmishing of the SDW due to the spin

frustration discussed above, Qalicatively, this khavior is exactly what we claimed in
SCCOOn11., alrhough the actlJa.1spin frustration here seems to become relevant for rela-
tively large $,
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The rapiddcstmccion of tie BOW for even small nor,~er,. ~ :md tie dcsuucuon of
the SDW in the ocher limit of large ~ clearly suggests three distinct regions. Quantita-
tive comparisons witi results of simulations for such a small system would be meaning-
less, and any critical $ obtained fkom our calculation would be coo large. We tiercfore
do ncx atmmpt quanutarive comparisons at this preliminary stage. The emphasis is rather
on qualitively explaining chc behavior of all three families of materials,
(-x. mfiX. ~d (BEDT-17’’F)2X within the same Lkorcucal model.

Within our mcxicl ambient pressure (TMTT’F)2X lies in the $<$1 region. since

both bonding and Cou.mrnb interactions arc larger along tie stacking axis than along the
intcrchai.n direction, the latdce is expected to be more compressible along the latter.
kssufc thaeforc increases ~ until the region $, <$ c $* is reached and the spin-

Pcicrls to SDW transition occurs. Funk increase in pressure increases Ts~w, which,
however, rcdws a mwdmum and then begins to decrease. Note that the peak in T5DW

is cxpuxd in our model, -- this is he region whete spin fi-ustration starts co be rclevanc.
Expcri.menrally, it is cumcntly ~ot clear whether there is a narrow region of coexistence
between the spin-~icds and the SDW phases. Due to the strong finite size effects in
our numerical si.mdatkntt wc arc unable to resolve his issue theoretically.

The effect of magrwac fields on TMTSF is opposite to that of prcssum in chat the
anisotropy increases with H. For H e~and$> $2, dmrcisnoSDW duccospinfkus-

traticm. Fa H > ~ the increase in anisotropy MS the system into the region

$, <$< $,. w~m SDW is the characteristic. The current mcnkl is m simplistic to
give ti case.a& of SDW transitions.(’lhis would IX investigated later.) However, rhc
V’FHI’is expected in our maicl. In the exucme lD limit ~ < q,, the BOW phase occurs
at low temperatures. This phase is then not a metal, -and- ‘we expect scmimetallic
behavior (or even weakly scrniconducting bchavicw), in agteement with the transpon
mcasusements(9). NCXCthat the ob~cd diamagnetism is associated wirh the spin-
Pcicrls phase.

Finally in (BEDT-~X the anisotropy is considerably weaker and $ is much
I.argc tba ~,. The ●kncc of SDW in the* mareriah is then expected frcwnour model.

&cause of b snaller $ in the sulphur-basecl mtcrids, as compared to the selenium
based mtcriak, a mw,kwy to charge density wave maybe expcted within model Harn-
iltcmian Eq.( 1), ad this may explain the experimentally observed tendency to h3caliza-
rioctin ctGnsUbanCe*
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